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Introduction

The hip joint is a crucial ball-and-socket joint that links the  
femoral head to the acetabulum of the pelvis, offering stabil-
ity while allowing movement and bearing body weight [1]. The 

hip bone consists of the ilium, ischium, pubis, and acetabular bones,  
forming the acetabulum, where the femoral head articulates [2], where 
joint is essential for bearing the upper body’s weight during activities, 
such as sitting, standing, stair ascending-descending, and walking, and 
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ABSTRACT
Background: Total Hip Arthroplasty (THA) is a common surgical procedure used 
to restore joint function. However, maintaining implant longevity and reducing wear 
remain major challenges, particularly under dynamic, high-impact activities. 
Objective: This study aimed to evaluate the mechanical performance of a newly 
designed hip implant to enhance durability during activities.
Material and Methods: In this analytical study, a new hip implant configu-
ration was analysed using finite element methods to assess stress distribution, wear, 
and fatigue life. Radial clearance effects were examined, and wear estimation was 
performed using Archard’s model. The fatigue performance of Ti-6Al-4V alloy and 
the liner behaviour of Ultra-High-Molecular-Weight Polyethylene (UHMWPE) were 
compared to conventional materials. 
Results: Optimizing the design, a 0.2-millimetre radial clearance reduced con-
tact pressure and improved implant durability. The material selection also contrib-
uted significantly: Ti-6Al-4V provided superior fatigue safety margins for high-impact 
loads, while UHMWPE liners significantly reduced wear rates. Overall, the CoCr-
UHMWPE-Ti-6Al-4V combination achieved enhanced mechanical stability, wear re-
sistance, and fatigue life.  
Conclusion: The optimized implant configuration demonstrates promising me-
chanical performance for active THA patients. Further experimental and clinical vali-
dation is necessary to confirm long-term safety and durability before clinical imple-
mentation.
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transferring weight to the lower extremities 
for locomotion [3-5]. Biomechanics play a vi-
tal role in understanding the forces, moments, 
and movements within the hip joint, to de-
velop devices for joint replacement and frac-
ture fixation [6]. Additionally, advancements 
in hip joint replacement technology, such as 
porous tantalum products, have enhanced 
biocompatibility and synovial fluid retention, 
and have also improved the effectiveness of 
hip joint implants [7]. Some solutions to hip 
joint problems have been proposed, including 
a motion assist device designed to provide an 
assist force to the hip joint without restricting 
natural movement [8], an artificial hip joint 
with features to prevent bone dislocation, a 
hip joint exercise device for targeted hip joint 
flexibility exercises [9], and ongoing research 
on optimal material combinations for hip joint 
prostheses [10]. Additionally, an artificial hip 
joint design was developed to improve bone-
retaining and initial fixation capabilities [11]. 
These solutions address different aspects of 
hip joint issues, from mobility assistance and 
exercise to material science advancements 
in prosthetic hip joints, showcasing a multi-
dimensional approach for tackling hip joint 
problems. 

Total Hip Arthroplasty (THA), as an effec-
tive surgical procedure for hip joint issues, is 
dubbed “the operation of the century”  due 
to the enhancement of patients’ quality of 
life [12]. THA has recently evolved, with 
advancements in techniques, implants, and 
safety measures contributing to its success 
and increased longevity, even in younger and 
more active patients [13]. However, complica-
tions, such as metallosis, can arise post-THA, 
particularly in metal-on-metal implants, lead-
ing to tissue damage, pseudotumor formation, 
and the need for revision surgery to prevent 
further bone loss and necrosis [14]. Surgeons 
must consider various factors, such as implant 
stability, spinopelvic relationship, and abnor-
mal pathologies, to ensure successful out-
comes and reduce postoperative risks in THA 

[15]. Polymers, metal alloys, and ceramics are 
the most widely used biomaterials for THA, 
which substitute damaged joint surfaces with 
synthetic material [16]. 

The biomaterials play a key role in THA 
success [16], affecting mechanical properties, 
survivability, and sterilization methods [17]. 
The average lifespan of artificial hip joints is 
approximately 15 years, according to research, 
necessitating continued advancements aimed 
at maximizing longevity and reducing compli-
cations [18]. Studies have also highlighted the 
importance of selecting the appropriate bear-
ing surfaces in THA procedures to reduce the 
risk of revision, with materials, such as highly 
Cross-linked Polyethylene (XLPE), delta ce-
ramic, and oxidized zirconium, showing lower 
revision rates than cobalt chrome and stainless 
steel [19]. The design of THA involves vari-
ous aspects, such as stem design, biomechani-
cal considerations, material selection, and 
patient outcomes. Stem design in THA can 
impact knee biomechanics, with short stems 
associated with better outcomes in terms of 
knee valgus deformity [20]. 

The biomechanical properties of the femoral 
component play a crucial role in stress shield-
ing and physiological strain transfer during 
THA, highlighting the importance of stem 
stiffness and design [21]. Additionally, the 
development of femoral stem prostheses has 
evolved, with materials, such as Ti-6Al-4V, 
Cobalt Chromium, and stainless steel to im-
prove performance and reduce complications 
[22]. Given the identical survival rates and 
failure hazard ratios across single- and dual-
taper stem designs in THA, the evidence fur-
ther highlights the crucial role of stem-focused 
goals in determining patient outcomes [23]. 
Digital solutions that improve open adherence 
and communication across the THA experi-
ence may be developed by including patient 
demands through a co-design approach [24]. 
End-stage arthritic hip problems can be suc-
cessfully resolved by THA, which improves 
performance and relieves discomfort [25].  
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Despite the success of THA, challenges like 
limb length discrepancy persist, requiring re-
liable techniques to minimize postoperative 
issues. As THA approaches its fourth decade, 
research continues to focus on addressing 
complications and improving outcomes in  
patients with coxarthrosis [26]. 

Design solutions for THA involve various 
aspects, such as the use of Patient-Specific In-
struments (PSIs) to enhance surgical accuracy 
[27], the consideration of different implant 
designs for optimal outcomes and longev-
ity, and the development of patient-specific 
acetabular cages to address severe defects 
and improve fixation [28]. The implants are 
typically composed of a femoral component 
made of cobalt-chromium or titanium alloys 
and an acetabular component with a metal-
lic shell and Ultra-High-Molecular-Weight  
Polyethylene (UHMWPE) liner [29]. 

The success of THA relies on a combined 
strategy of optimized implant design and ad-
vanced post-operative care. Implant design 
focuses on achieving primary stable fixation 
through specific shapes, proportions, and sur-
face structures, thereby allowing for bone in-
growth and successful long-term outcomes 
[30]. Furthermore, material solutions and 
coatings are essential for improving the func-
tionality and durability of the prostheses. The 
overall efficacy is further enhanced by inte-
grating telemedicine technologies, which im-
prove postoperative care by enabling remote 
monitoring and regular contact with special-
ists, potentially reducing complications and 
treatment costs [31]. The overall efficacy and 
success of THA are enhanced by these com-
bined strategies. Material solutions and coat-
ings are essential for improving the function-
ality and durability of THA hip prostheses. 

Some materials, such as metals, ceramics, 
and polymers, have been developed for hip 
implants with recent advancements in bio-
ceramic coatings to improve biocompatibility, 
wear resistance, and toughness [32]. Coatings 
like Titanium Nitride (TiN) and diamond-like 

carbon improve osseointegration and prevent 
complications, such as osteolysis, by creating 
passivation layers and lowering the inflamma-
tion caused by wear particles [33]. Moreover, 
the development of local implant coatings and 
advancements in bearing surface technologies 
have been introduced to address issues such 
as periprosthetic joint infection, a significant 
cause of THA failure, emphasizing the impor-
tance of selecting suitable materials and coat-
ings to maximize implant success rates [34]. 
Factors, such as patient demographics (age, 
Body Mass Index (BMI), gender), bone min-
eral density, preoperative psychological sta-
tus (depression, anxiety), surgical techniques 
(cemented vs. uncemented), and postoperative 
complications play crucial roles in determining 
the success of THA procedures [35]. Studies 
have highlighted the importance of consider-
ing individual patient characteristics, includ-
ing BMI, comorbidities, surgical approach, 
and age, in predicting postoperative outcomes 
in patients undergoing THA. Research cor-
relating Bone Mineral Density (BMD) levels 
with postoperative efficacy, and the impact of 
preoperative psychological factors on pain and 
functional outcomes after THA, highlights the 
multifactorial effects for surgical success.

Surgeons should consider these factors to op-
timize patient counselling and treatment strat-
egies to improve THA outcomes. To enhance 
patient comprehension and health literacy, it 
is essential to improve the readability of pa-
tient education materials related to THA [36]. 
The future scope of THA treatment involves 
advancements in bearing surfaces, surgical 
techniques, and technology. Ideal THA-bear-
ing surfaces should prioritize wear resistance, 
durability, bio-inertness, cost-effectiveness, 
and ease of implantation. Additionally, im-
provements in THA design, such as utilizing 
large femoral heads, dual-mobility cups, and 
different bearing surface combinations, can 
reduce wear and impingement [37]. Highly 
accurate acetabular placement is made pos-
sible by cutting-edge robotic technology, and 
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THA results are improved by patient-specific  
instrumentation and dual-mobility bearings 
[38]. National THA registers play a crucial 
role in documenting quality, providing bench-
marks, and facilitating research and post-mar-
ket surveillance to ensure best practices and 
report implant outliers [39]. 

Previous studies have provided valuable 
insights into hip implant performance under 
static or simplified loading conditions; how-
ever, it is needed to evaluate implant behavior 
under dynamic, high-impact activities such as 
jogging, which are increasingly relevant for 
active patients [5,40]. Earlier works primar-
ily focused on static load analyses or con-
ventional gait cycles with limited emphasis 
on impact activities. Material properties and 
sensitivity analyses were explored [1,41], but 
the influence of higher forces or optimized 
design parameters for such scenarios was not  
specifically addressed.

To develop long-lasting hip implants for ac-
tive patients, this study models the jogging 
gait cycle to simulate complex dynamic loads, 
a distinguishing feature. This research aimed 
to assess how radial clearance affects stress 
distribution, wear rates, and fatigue life. Fur-
thermore, it compares various material com-
binations, focusing on Ti-6Al-4V alloy with 
UHMWPE liners, to identify configurations 
that offer superior durability and wear resis-
tance. The present research work supports the 
Sustainable Development Goals (SDGs) 3, 
and 9, which ensuring good health and well-
being, and fostering industry, innovation and 

infrastructure, respectively.

Material and Methods

The New Hip Implant Design
This analytical study demonstrates that 

variations in implant design parameters, spe-
cifically neck diameter, stem cross-section, 
and stem length, are critical determinants of 
the implant’s overall performance. The hip 
implant design utilized in this study Figure 1 
carefully considered these factors. The specific 
dimensions, including femoral head diameter, 
neck dimensions, and stem length, are detailed 
in Table 1. These standardized measurements 
form the foundation for the Finite Element 
Analysis (FEA), ensuring the simulated im-
plant geometry reflects realistic, clinically 
relevant configurations [41]. This advanced 
design was meticulously crafted using the 
commercial Computer-Aided Design (CAD) 
software, SolidWorks 2021. Radial clearances 
between the stem and femoral head junction, 
set at 0 mm, 0.1 mm, 0.2 mm, and 0.3 mm, 
are considered to provide a flawless fit. Mean-
while, there was no space separating the liner-
acetabular and femoral head-liner interfaces, 
ensuring a snug and stable connection, like the 
perfect fit of a well-engineered running shoe.

Materials
Materials, such as biomaterials that ensure 

a smooth, pain-free jog, are crucial for THA. 
The most widely used biocompatible materi-
als include titanium alloys, Cobalt-Chromium 

Figure 1: Geometric representation of the customized hip implant.
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(CoCr) alloys, stainless steel, alumina, and 
UHMWPE [42]. Material Combinations (MC) 
listed in Table 2, outlining different configu-
rations of acetabular cup, liner, femoral head, 
and stem materials for the hip implant design 
[40]. These materials were selected for their 
well-documented ability to withstand the  
dynamic stresses of activities such as jogging.

Table 3 presents a comprehensive sum-
mary of the material properties, assumed to 
be homogeneous and exhibiting linear elas-
tic behaviour to ensure consistent mechani-
cal performance under each loading cycle.  

Parameters such as Young’s modulus, density, 
Poisson’s ratio, and ultimate tensile strength 
serve as essential inputs for the FEA, enabling 
the simulations to replicate realistic mechani-
cal responses [43].

Gait cycle
Jogging has been recognized as a beneficial 

activity for the improvement of cardiovascular 
health and overall fitness, differentiated from 
running by its lower intensity, reduced energy 
expenditure, and less strain on the heart, lungs, 
and muscles. Both jogging and running were 
classified as aerobic exercises that utilized 
oxygen, blood sugar, or body fat as energy 
sources. The phases of movement and load 
distribution during the jogging gait cycle were 
illustrated in Figure 2. In this analysis, only 
the force data corresponding to one gait cycle 
of jogging were considered Figure 3. The sig-
nificantly large moment data associated with 
jogging would have required a separate, spe-
cialized computational algorithm for an effec-
tive solution, which was beyond the scope of 
this study.

Design Parameters Dimension (mm)
Diameter of the femoral head 34

Length of neck 14
Diameter of the neck (Top) 12

Diameter of the neck (Base) 14
Stem length 160

Table 1: Design parameters for the hip  
implant study

Material Combinations Stem Femoral Head Liner Acetabular Cup
MC1 CoCr Alloy

CoCr Alloy

UHWMPE

CoCr Alloy
MC2 CoCr Alloy CoCr Alloy
MC3 Ti-6Al-4V Alloy UHWMPE
MC4 Ti-6Al-4V Alloy CoCr Alloy

UHMWPE: Ultra-High-Molecular-Weight Polyethylene, MC: Material Combinations, CoCr: Cobalt-Chromium

Table 2: Material combinations employed for the hip implant design, showcasing the various 
configurations.

SI. No. Materials
Young’s modulus 

(GPa)
Density 

(gm/cm3)
Poisson’s ratio

Ultimate tensile 
strength (MPa)

1. Ti-6Al-4V alloy 120 4.5 0.33 930
2. CoCr alloy 200 8.5 0.3 1503
3. UHMWPE 0.96 0.94 0.31 48

CoCr: Cobalt-Chromium, UHMWPE: Ultra-High-Molecular-Weight Polyethylene

Table 3: Overview of the mechanical properties of materials utilized in the hip implant designs.
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Wear estimation
The sliding wear growth on articulating sur-

faces was predicted using the Archard wear 
model, as follows (Equation 1):

Wv=KWFS                        (1)
where, S, F, Kw, and WV refer to the sliding 

distance between the contacting surfaces, ap-
plied contact load, wear coefficient discovered 
during the study, and volumetric wear of the 
bearing surface, respectively. Equation (2) 
may be used to determine the linear wear WL 
on the surface by dividing both sides by an 
area (A), where P stands for contact stress in 
the manner described below: 

WL=KWPS                        (2)

The volumetric and linear wear rates across 
the trunnion and head interfaces were evalu-
ated. The units of measurement for the volu-
metric and linear wear rates were mm3/year 
and mm/year, respectively. The interacting 
surface area between the head and trunnion 
measures 1025.09 mm² with a push fit and 
452.16 mm² with a radial clearance fit. The top 
surface diameter of the trunnion was 12 mm 
with a contact length of 14 mm with the head. 
Equations (3) and (4) were used to determine 
the linear and volumetric wear rates for one  
million cycles.

WL=KwPS×106 (mm/106 cycles)                (3)
WV=KLA×106 (mm/106 cycles)                  (4) 

Figure 2: Jogging gait cycle, representing the phases of movement and load distribution.  
Reproduced with permission from Tirosh O. 2016 [44].

Figure 3: Loads during one gait cycle of jogging. Reproduced with permission from Bergmann 
et al. 2016 [45]. 
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Finite element model
The analysis was carried out using ANSYS 

Workbench R19.2. As shown in Figure 4 (a), 
an impact force of 4000 N was applied in the 
first section, where the stem was fully fastened 
[37]. This arrangement aimed to replicate the 
procedure of a surgeon joining the femoral 
head prosthesis and stem by applying force 
to the femoral head using a mallet during the 
surgical procedure [46]. Following ASTM 
F2996-13, boundary conditions for the second 
segment were established by defining its posi-
tion on the stem. Specifically, a reference line 
was drawn at 80 mm and 90 mm from the tip 
of the stem [47]. The fixed stem portion was 
located beneath the 90 mm reference line. 

Throughout this study, frictional interac-
tions were employed at several interfaces. The 
ASTM F2996-13 loading and boundary re-
quirements are depicted in Figure 4 (b), and 
the discretized mesh model of the implant is 
displayed in Figure 4 (c). A mesh convergence 

study was conducted to determine the ideal 
mesh size [48]. In one-millimetre increment, 
the mesh sizes ranged from 5 mm to 1 mm. 
When von Mises stresses were assessed for 
mesh size conclusions, it was determined that 
stress variations were negligible for mesh siz-
es under two-millimetre. As a result, a 2-mm 
mesh size was selected for the analysis. Hexa-
hedral components were utilized in this study, 
and the final mesh contained 33,081 elements 
and 114,847 nodes.

Two Kistler plates measuring the ground 
response forces were used to record the force 
and moment that the implant encountered [49].  
Table 4 presents experimentally derived Coef-
ficients of Friction (COF) and wear coefficients 
(Kw) for key material pairings in hip implants, 
including CoCr–CoCr, CoCr–Ti-6Al-4V, and 
CoCr–UHMWPE. These tribological pa-
rameters are critical inputs for the finite ele-
ment simulations in the study, as they directly 
influence wear predictions, contact stress  

Figure 4: a) Impact load analysis on the hip implant head, b) illustrating the Loading and Bound-
ary conditions, c) Discretized model representation provides insights into stress distribution 
under physiological conditions

Combination of materials Coefficient of Friction Wear Coefficient (Kw) (mm3/Nm)
CoCr-CoCr 0.2 1.68e-5

CoCr-Ti-6Al-4V  0.24 1.31e-5

CoCr-UHMWPE 0.15 3.5e-7

CoCr: Cobalt-Chromium, UHMWPE: Ultra-High-Molecular-Weight Polyethylene

Table 4: Coefficient of Friction (COF) and coefficient of wear (Kw) for materials investigated

VII



J Biomed Phys Eng

Kalayarasan M, et al

modelling, and comparative performance 
evaluations between different material  
combinations [50].

Fatigue analysis
Well-designed implants require an indefinite 

or maximum fatigue life. This study used FEA 
to assess the fatigue life and safety parameters 
of hip implants under various gait loadings 
and material combinations. The S-N curves 
for the tested materials, Ti-6Al-4V alloy and 
CoCr alloys, are presented in Figure 5 [51]. 
As shown in Equations (5) and (6), the mean 
stress (σm) and alternating stress (σa) are char-
acterized by the maximum stress (σmax) and 
minimum stress (σmin) per Goodman’s mean 
stress fatigue theory [52].

2
max min

m
σ σσ +

=                          (5)

2
max min

a
σ σσ +

=                          (6)

1 a m

f Se Su
σ σ

= +
N                            (7)

Equation (7) illustrates the application of 
Goodman’s theory to obtain the factor of 
safety (Nf) according to alternating stress (σa), 

mean stress (σm), endurance limit (Se), and 
ultimate tensile strength (Su). The S-N curve 
indicates that if a material remains below its 
stress limit, it will survive its life cycle. The 
fatigue life and safety factor of the assembled 
components were determined using the AN-
SYS Workbench R19.2 fatigue tool within the 
static structural module.

Results

Static analysis 
Static analysis evaluates the hip implant 

integrity under physiological loads. The to-
tal deformation assesses displacement, von 
Mises stress predicts material failure, and 
strain analyses elasticity. Excessive stress or 
strain can cause wear, loosening, or fracture, 
thereby reducing longevity. This study opti-
mizes implant design for better load distribu-
tion, stability, and durability, ensuring reliable 
performance in high-impact activities, such as 
walking and jogging.
Total deformation
The impact analysis performed in the initial 

stage yielded consistent results [41], thereby 
validating the accuracy of the approach. The 
next step of the study focused on analysing the 
dynamic load during the jogging gait cycle, 
which is crucial for assessing the hip implant 
performance. Figure 6 (a-c) depict the total 
deformation, von Mises stress, and strain, re-
spectively. This strain was within the implant 
components under dynamic loading condi-
tions during the jogging gait cycle. The maxi-
mum deformation recorded was 0.0238 mm 
for MC1, at a radial clearance of 0.3 mm. In 
terms of von Mises stress, the highest value of 
114.11 MPa was at a radial clearance of 0 mm.

Figure 7 demonstrates the relationship be-
tween radial clearance and total deformation, 
a critical factor influencing wear and durabil-
ity. This analysis confirms the pivotal role ra-
dial clearance plays in optimizing hip implant 
performance during high-impact activities, 
such as jogging. Specifically, the data indicate 

Figure 5: S-N curve for Ti-6Al-4V alloy and 
CoCr alloy. Permission from Reginald et al. 
2023 [40].
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that deformation increases at a 0.1 mm clear-
ance, while optimal performance is achieved 
at a clearance of 0.2 mm.

Dynamic analysis 
Dynamic analysis is essential for evaluating 

the mechanical performance of well-designed 
prostheses, particularly in hip joint replace-
ments, where multiple interfaces influence the 
overall functionality. Key junctions such as 
the Femoral Head - Stem (HS), Femoral Head 
- Liner (HL), and Liner-Acetabular (LA), ex-
perience varying contact pressures during 

movement. The variation in sliding distance 
with changes in radial clearance significantly 
affects wear and stability, particularly dur-
ing high-impact activities, such as jogging. 
These dynamic interactions help to optimize 
prosthetic design, ensuring durability, reduced 
wear, and enhanced patient mobility.
1. Differences in contact pressure 

across various interfaces
Figure 8 (a) shows the contact pressure 

(MPa) exerted at the HS junction. The maxi-
mum pressure reached 45.437 MPa, concen-
trated near the upper contact region, while the 

FEA of Hip Implant under Jogging Gait

Figure 6: a) Total deformation, b) von Mises stress distribution, c) Equivalent elastic strain with-
in the implant components under dynamic loading conditions during the jogging gait cycle

Figure 7: Graphical representation of total deformation changes with radial clearance changes
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rest of the junction experienced a gradually 
lower pressure, down to 0 MPa. This gradient 
highlights the localized stress zones, which 
are critical for wear prediction and implant in-
tegrity. Figure 8 (b) shows the relative sliding 
distance (mm) at the same HS junction. The 
maximum sliding distance was 0.01558 mm, 
occurring near the upper contact area (marked 
in red), tapering off to 0 mm in the lower sec-
tion. This spatial variation is essential for 
evaluating potential wear regions, particularly  
during dynamic activities such as jogging.

Figure 9 (a) shows the contact pressure at the 
HL junction. The maximum pressure reached 
0.48901 MPa, located centrally, indicating the 
primary load-bearing zone. The pressure de-
creased radially outward, with minimum val-
ues near the edges, signifying reduced load 
transfer in the peripheral regions. Further-
more, the maximum sliding distance recorded 
was 0.022045 mm, appearing at the periph-
eral edge, while the minimum was located 
opposite to the high-motion zone. This dis-
tribution shows asymmetric joint articulation 
during jogging, which can inform wear-path  
predictions.

Figure 9 (b) shows the contact pressure 
(MPa) at the LA interface. The maximum 
pressure was approximately 0.37774 MPa, 
which was observed near the upper-central 
region (marked in red). The minimum pres-
sure appears at the lower peripheral area  

(in blue, ~0 MPa), indicating a non-uniform 
load distribution across the surface, which 
may impact the long-term liner wear behav-
iour. The second subplot illustrates the sliding 
distance (in mm), with a maximum value of 
0.015219 mm at the outer edge of the articula-
tion zone (in red). The minimum displacement 
(~0 mm, blue) is situated on the opposite side. 
This gradient indicates a clear directional slid-
ing pattern caused by joint kinematics during 
jogging.

Table 5 presents the effect of material com-
binations and variation on contact pressure as 
the radial clearance changes at the HS junc-
tion. MC1 exhibited the highest initial contact 
pressure (146.12 MPa) at 0 mm, but this pres-
sure sharply decreased as the radial clearance 
increased, reaching nearly zero at 0.2 mm. 
Similarly, MC2 starts with a slightly lower 
pressure (114.45 MPa) at 0 mm, following the 
same trend and dropping to negligible levels at 
0.2 mm. MC3 showed a moderate initial pres-
sure (99.04 MPa), but decreased rapidly with 
increasing clearance, showing the first two 
combinations. In contrast, MC4 starts with the 
lowest pressure (89.92 MPa) at 0 mm, with a 
more gradual reduction.

The fluctuation of the peak contact pressure 
in response to changes in the radial clearance 
at the HL junction shows that the analysis of 
contact pressures across different material 
combinations reveals distinct trends. MC2 and 

Kalayarasan M, et al

Figure 8: a) Illustrates the contact pressure, b) Sliding distance at the Femoral Head - Stem (HS) 
junction. 
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MC4 began with a high contact pressure of 
approximately 52 MPa at 0 mm radial clear-
ance, and MC1 and MC3 across all clearances 
showed the lowest contact pressure.

Furthermore, variation in radial clearance 
between the liner and acetabular junction and 
variations in contact pressure exhibited unique 
characteristics. MC2 starts with a high contact 
pressure (18.44 MPa) at a radial clearance of 
0.1 mm, MC1 and MC3 across all clearances 
showed the lowest contact pressure.
2. Variation of Sliding Distance 

with change in radial clearance
With respect to hip implants, wear and im-

plant longevity are greatly influenced by the 
sliding distance between parts, such as the 
HS, HL, and LA. Table 6 shows that the LA 
junction exhibits the highest sliding distanc-
es to 0.09 mm (MC2, 0.3 mm clearance). In 
contrast, the HL and LA interfaces maintained 
consistently low sliding distances of 0.00087 
mm (MC2, 0 mm clearance). Material com-
binations MC2 and MC4 generally dem-
onstrate lower sliding distances, indicating 

better overall performance in terms of wear  
reduction.

MC2 and MC3 were the most effective for 
the HS junction, while MC1 and MC4 showed 
lower sliding distances across all parts.

Fatigue analysis
Fatigue analysis ensures the durability of 

mechanical structures, especially prostheses, 
by assessing the repeated loading effects. Dy-
namic analysis helps to understand stresses 
during activities, such as jogging and optimiz-
ing material selection and design. Because 
jogging involves continuous impact forces and 
varying gait dynamics, a detailed fatigue as-
sessment helps predict potential failure points, 
enhance user comfort, and improve the overall 
functionality.
1. Fatigue characteristics of the 

new hip implant
A high fatigue life should be guaranteed by 

a well-designed prosthesis, particularly when 
subjected to dynamic and repeated stresses 
encountered during jogging. Fatigue analysis 

Figure 9: a) Illustrates the contact pressure and sliding distance variations at the Femoral 
Head - Stem (HS) junction, b) contact pressure and sliding distance at the Liner-Acetabular (LA)  
junction.

FEA of Hip Implant under Jogging Gait
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was performed on all the models in this study, 
with the S-N curve shown in Figure 5, which 
is a key factor in determining the performance. 
The Goodman equation (Equation 6) was ap-
plied to evaluate the fatigue life and safety 
factor. The results are depicted in Figure 10 
(a) for the safety factor across various radial 
clearances and Figure 10 (b) for the fatigue 
life for different material combinations.

The first subplot illustrates the Factor of 
Safety (FoS) across the different radial clear-
ances. The FoS values span from a maximum 
of 15 (deep blue, signifying very high safety) 
down to a minimum of 2.1828 (green-to-red, 
highlighting critical regions near the stem 
neck). These results indicate that while most 
areas remain within safe limits under repeti-
tive loading, the localized stress concentra-
tions may warrant material optimization. The  

second subplot, in turn, reflects the perfor-
mance of various material combinations by 
showing the fatigue life with respect to the 
number of cycles.

The maximum fatigue life reached approxi-
mately 2.271×10¹⁰ cycles, with the lowest 
values nearing 1.0×10⁸ cycles in the femoral 
neck region (red zone). The findings indicate 
that, despite the overall durability of the im-
plant structure, localized, stress-prone regions 
may be vulnerable to failure under extended 
use, underscoring the need for material or  
geometric optimization.

Figure 11 illustrates the relationship between 
the radial clearance (mm) and the FoS for 
various material combinations, demonstrating 
optimal performance metrics at a clearance 
of 0.2 mm, critical for minimizing wear and 
maximizing implant longevity.

Material Combinations
Radial  

Clearance 
(mm)

HS - Contact 
Pressure 

(MPa)

HL - Contact 
Pressure 

(MPa)

LA - Contact 
Pressure 

(MPa)

MC1

0 146.12 0.489 0.385
0.1 37.49 0.504 0.436
0.2 13.38 0.536 0.397
0.3 45.44 0.489 0.38

MC2

0 99.04 52.71 2.78
0.1 37.46 13.98 18.44
0.2 13.39 16.1 16.47
0.3 29.62 9.25 10.42

MC3

0 114.45 0.579 0.409
0.1 34.94 0.506 0.438
0.2 12.61 0.54 0.397
0.3 80.02 0.489 0.422

MC4

0 89.92 52.71 2.79
0.1 34.85 14.36 17.769
0.2 12.63 16.12 16.47
0.3 91.11 17.836 8.25

MC: Material Combinations, HS: Femoral Head - Stem, HL: Femoral Head - Liner, LA: Liner-Acetabular

Table 5: Variation of contact pressure between hip implant components as a function of radial 
clearance
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Material Combinations
Radial  

Clearance 
(mm)

HS - Sliding 
Distances 

(mm)

HL - Sliding 
Distances 

(mm)

LA - Sliding 
Distances 

(mm)

MC1

0 0.022 0.027 0.016
0.1 0.012 0.026 0.016
0.2 0.014 0.024 0.0146
0.3 0.016 0.022 0.015

MC2

0 0.016 0.0045 0.00087
0.1 0.012 0.0086 0.0061
0.2 0.015 0.0052 0.0059
0.3 0.016 0.01 0.09

MC3

0 0.039 0.031 0.015
0.1 0.014 0.025 0.015
0.2 0.015 0.023 0.0143
0.3 0.013 0.025 0.014

MC4

0 0.02 0.0046 0.00088
0.1 0.014 0.0077 0.0054
0.2 0.015 0.0052 0.006
0.3 0.01 0.0111 0.0045

MC: Material Combinations, HS: Femoral Head - Stem, HL: Femoral Head - Liner, LA: Liner-Acetabular

Table 6: Variation of sliding distances between hip implant components as a function of radial 
clearance

Figure 10: a) Factor of safety results across various radial clearances, b) Fatigue life outcomes 
for different material combinations
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MC1 starts with a low FoS of approximately 
1.5 at zero radial clearance, peaks at approxi-
mately 0.2 mm with an FoS slightly above 3.0 
and declines sharply beyond this point. MC2 
begins with an FoS of approximately 2.0 at 
zero clearance, gradually increases to a peak 
of approximately 3.2 at 0.25 mm, and then 
shows a slight decline. MC3 and MC4 exhib-
ited the highest overall performance. It starts 
with a higher initial FoS of approximately 3.0 
at zero clearance, peaks at 0.15–0.2 mm with a 
maximum FoS of approximately 4.5, and then 
experiences a minor decline.

Wear analysis
Wear analysis is crucial for hip implant 

longevity and affects the performance and 
patient outcomes [53]. The linear and volu-
metric wear rates depend on the radial clear-
ance, which influences the load distribution 
and causes excessive material loss. Smaller 
clearances increase the contact stress, where-
as larger clearances affect the kinematics,  
affecting wear patterns.
1. Linear wear rate for various  

radial clearances
Equation (3) was used to determine linear 

wear. To increase the lifespan of an implant, 

the wear rate must be decreased as much as 
feasible. One million cycles over a year were 
used to calculate the wear. The linear wear rate 
(in mm/year) for multiple material combina-
tions across the HS, HL, and LA as a func-
tion of radial clearance of 0 mm to 0.3 mm is 
highlighted in Figure 12, which also displays 
the variation of linear wear rate (mm/year) 
for varying radial clearance for different ma-
terial combinations under dynamic loading  
conditions.

The HS junction experiences the high-
est wear rates, particularly at smaller radial 
clearances, with MC1 peaking around 0.06 
mm/year but showing a significant reduction 
as clearance increases. In contrast, MC3 and 
MC4 demonstrated excellent wear resistance, 
maintaining values below 0.02 mm/year 
throughout. The HL interface consistently ex-
hibited lower wear rates than HS, with MC3 
and MC4 standing out for their minimal wear 
below 0.02 mm/year. Meanwhile, the LA in-
terface performs exceptionally well, with neg-
ligible wear rates below 0.01 mm/year for all 
material combinations and radial clearances.
2. Volumetric wear rate for various 

radial clearances
Equation (4) illustrates how to obtain the 

Figure 11: Relationship between radial clear-
ance and factor of safety for various material  
combinations

Figure 12: Comparative analysis of linear 
wear rates for different material combina-
tions
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volumetric wear rate by multiplying the lin-
ear wear rate by the contact area. Figure 13 
shows the volumetric wear rates (in mm³/
year) at interfaces HS, HL, and LA, as the ra-
dial clearance varies from 0 mm to 0.3 mm, 
and the variation in the volumetric wear rate  
(mm³/year) with different radial clearances.

The HS junction displays the highest wear 
rates, peaking at nearly 60 mm³/year for MC1 
at minimal clearances, but wear significantly 
drops around 0.1 mm clearance before ris-
ing again. MC3 and MC4 emerged as top 
performers, maintaining wear rates below 20 
mm³/year, even at smaller clearances. The HL 
interface exhibited moderate wear, with MC3 
and MC4 standing out for their consistently 
low rates, staying under 10 mm³/year across 
all clearances. Meanwhile, the LA interface 
shines with negligible wear rates close to zero, 
showing remarkable stability and minimal 
dependence on the material combination or  
radial clearance.

Discussion
The findings from this study underscore 

the critical relationship between implant de-
sign parameters, material selection, and per-
formance of hip prostheses during dynamic  

activities such as jogging [54]. The meticu-
lous analysis of the newly designed hip im-
plant’s mechanical behaviour under various 
radial clearances and material combinations 
yields significant insights for optimizing both  
implant longevity and functionality.

Impact of Radial Clearance on  
Performance

Our results indicated a pronounced influence 
of radial clearance on the mechanical perfor-
mance of hip implants. An optimal clearance 
of 0.2 mm was identified, providing a bal-
anced distribution of contact pressure and re-
duced wear. Specifically, deformation analy-
sis revealed a maximum total deformation of 
0.0238 mm at a radial clearance of 0.3 mm, 
while von Mises stress peaked at 114.11 MPa 
at 0 mm clearance [55]. These results con-
firm that tighter clearances lead to increased 
contact stresses, potentially compromising 
the integrity of the implant over time. Thus, 
this study supports the principle that a well-
optimized radial clearance enhances not only 
the performance but also the lifespan of the 
prosthesis under repetitive dynamic loads. 
The identification of a 0.2 mm clearance and 
durable material combinations offer practical 
guidance for implant selection, particularly for 
active patients requiring improved wear and 
fatigue resistance. Surgeons can apply these 
insights to refine implant alignment and pro-
cedural planning, while approaches for seden-
tary patients may focus on stability and long-
term reliability to minimize failure risk.

Material Performance Insights
This study further elucidates the superior-

ity of the Ti-6Al-4V alloy in terms of fatigue 
life and safety factors, particularly in high-
impact scenarios. Fatigue analysis yielded 
an impressive FoS of approximately 4.5 at 
radial clearances between 0.15 mm and 0.2 
mm for the optimal MC4. This performance, 
outperforming the FoS of 2.832 for the CoCr 
alloy alone, suggests that Ti-6Al-4V’s robust  

Figure 13: Comparative analysis of volumet-
ric wear rates for different material combi-
nations under dynamic loading conditions
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mechanical properties are particularly suited 
for high-stress applications such as jogging 
[40]. The fatigue life of the CoCr alloy reached 
approximately 3.8×10¹⁰ cycles, emphasizing 
its durability; however, the combination with 
Ti-6Al-4V alloy provides a more favourable 
safety margin, which is critical in mitigating 
failure risks during physical activities [56].

Wear Analysis and Recommendations
The wear analysis, conducted using Ar-

chard’s model, highlighted the superior per-
formance of MC3 (CoCr, UHMWPE, and 
Ti-6Al-4V). This combination recorded the 
lowest wear rates across all interfaces, most 
notably at the femoral head-stem junction, 
where wear is often most significant. This 
demonstrates that strategic material combina-
tions specifically CoCr and UHMWPE paired 
with Ti-6Al-4V are effective in significantly 
reducing volumetric wear rates. Compared 
to the recorded linear wear rates of 0.07 to 
0.6 mm/year, for existing metal or ceramic 
implants, these results represent a concrete 
advancement in hip implant design aimed at  
extended longevity [31,32].

The wear analysis performed using Ar-
chard’s model showed that MC3, CoCr for the 
acetabular cup and femoral head, UHMWPE 
for the liner, and Ti-6Al-4V for the stem, ex-
hibited the lowest wear rates, particularly at 
the femoral head–stem junction, where wear 
is typically most pronounced. These findings 
indicate that material combinations involv-
ing CoCr and UHMWPE, especially when 
paired with Ti-6Al-4V, significantly reduce 
volumetric wear rates. This suggests superior 
durability and suitability for active patients. 
Compared with reported linear wear rates of 
0.07–0.6 mm/year, these results represent a 
meaningful improvement in implant design to 
minimize wear.

Dynamic Analysis 
When analysing the sliding distances be-

tween components, our results indicate signifi-

cant variation based on material combinations 
and radial clearances. Lower sliding distances 
across all junctions are desirable, as they cor-
relate with reduced wear, micromotion, and 
improved implant stability. Higher sliding dis-
tances, particularly at the HS junction (fretting 
wear) and HL junction (bearing wear), high-
light areas, where design optimization or coat-
ing improvements may be needed [57]. While 
specific combinations are optimal for certain 
junctions, enhanced mechanical performance 
ultimately hinges on a nuanced allocation of 
materials.

Excluding joint torque data may lead to un-
derestimating localized stresses and wear, as 
impact forces from real gait dynamics, espe-
cially during high-impact activities like jog-
ging, are not fully captured. Future studies 
should incorporate in vivo measurements of 
joint torques and experimental wear testing to 
validate finite element predictions, ensuring 
more accurate stress assessments and long-
term wear behaviour, thereby enhancing the 
clinical relevance and reliability of the implant 
designs.

In conclusion, this study reinforces that me-
ticulous consideration of both the radial clear-
ance and material composition is paramount in 
the design of hip implants for active patients. 
These findings advocate the use of the CoCr-
UHMWPE-Ti-6Al-4V alloy combination, 
particularly with an optimal radial clearance 
of 0.2 mm, to achieve superior wear resistance 
and fatigue life. 

Although this study provides valuable in-
sights into the mechanical performance of 
a newly designed hip implant, several limi-
tations warrant a comprehensive analysis. 
First, the reliance on numerical simulations 
to evaluate mechanical performance metrics 
introduces uncertainties because these mod-
els may not fully capture the complexities of 
in vivo conditions. Real-world factors, such 
as biological interactions, load variances due 
to varied patient activity levels, and the mul-
tifactorial nature of human movement could  
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significantly influence the implant’s perfor-
mance over time, thereby affecting its clinical 
success [55].

Second, this research primarily focuses on 
idealized conditions when testing different 
material combinations and configurations. 
This approach may overlook critical patient-
specific variables, such as bone quality, pre-
existing medical conditions, and individual 
biomechanical differences, which are known 
to affect implant longevity and functioning. 
Consequently, the findings may not be univer-
sally applicable across diverse patient demo-
graphics, which limits the generalizability of 
the results.

Third, this study did not explicitly incor-
porate joint moment and torque data during 
jogging into the finite element models due 
to model complexity and data limitations. 
Instead, rotational and shear effects were ap-
proximated via boundary conditions reflecting 
gait dynamics, with the primary focus on con-
tact stresses, material performance, and wear 
under axial loads. 

The absence of long-term wear testing and 
evaluation of biological responses to wear 
particles represents a critical research gap. 
Archard’s model, while widely applied, may 
not fully capture dynamic rotational and ax-
ial loads experienced during activities such 
as jogging, potentially leading to incomplete 
wear predictions. Incorporating lubrication 
modelling, such as elasto-hydrodynamic 
analysis, enables accurate simulation of fluid-
film behaviour under dynamic loading [58]. 
Furthermore, experimental validation using 
pin-on-disk tests provides essential empirical 
data on friction, wear rates, and material per-
formance, collectively enhancing prediction 
reliability and supporting optimized implant 
designs with improved durability [48].

Lastly, while this study emphasizes the im-
portance of radial clearance in implant design, 
it does not investigate other critical design as-
pects such as optimal implant orientation or 
the efficacy of different surgical techniques. 

The omission of these factors may lead to in-
complete conclusions regarding the overall  
effectiveness of the proposed implant design.

The limitations of this study suggest that, 
although the findings contribute to our un-
derstanding of hip prostheses, comprehensive 
future research is warranted. This research 
should integrate real-life clinical scenarios, 
patient-specific variables, and longitudinal 
data to fully validate the proposed designs. 
Addressing these limitations is paramount 
for establishing the clinical applicability and 
improving the long-term success rate of hip  
implants in active patient populations.

Conclusion
This study significantly advances the under-

standing of hip prosthesis performance under 
dynamic loading conditions, particularly dur-
ing high-impact activities, such as jogging. By 
evaluating various radial clearances and ma-
terial combinations, this research identifies an 
optimal radial clearance of 0.2 mm, which en-
hances wear resistance and fatigue life. These 
findings demonstrate that the CoCr-UHM-
WPE- Ti-6Al-4V alloy combination offers 
superior mechanical stability and durability, 
highlighting its potential for active patients 
who engage in high-impact sports.

The contributions of this study underscore 
the critical interplay between implant design, 
material selection, and operational perfor-
mance, thereby providing a foundation for op-
timizing hip arthroplasty outcomes. However, 
the limitations related to the use of numerical 
simulations and the lack of long-term wear 
testing necessitate further research.

Future research should focus on conduct-
ing extensive in vivo studies to validate the 
numerical findings and explore the effects of 
patient-specific factors such as bone quality 
and activity levels on implant performance. 
Further research will need to investigate the 
long-term biological response to the proposed 
designs and assess the impact of varying sur-
gical techniques and implant orientations. 
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These steps are essential to further refine hip 
prosthesis design strategies and enhance their 
clinical applicability.
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